INTRODUCTION
============

In prokaryotic genomes, proteins are generally encoded by continuous open reading frames, reflecting evolutionary and functional constraints to maintain function in a single polypeptide. Fragmented coding regions can result from the insertion of introns or inteins, often into conserved sequences that correspond to functionally critical regions of the interrupted genes ([@B1]). Splicing pathways remove the intron or intein, restoring a continuous open reading frame and protein function ([@B2]). Fragmented coding regions also occur naturally, where a protein is encoded by a single gene in one species, but has been split into multiple, smaller genes in related species ([@B3; @B4; @B5; @B6; @B7; @B8]). In these instances, function is likely restored by the interactions of independently translated polypeptides that assemble to form a functional complex.

Here, we examine how function is restored when a ribonucleotide reductase (RNR) gene has been fragmented by the insertion of a mobile genetic element such that RNR active site residues are partitioned between two genes. In phage Aeh1 that infects *Aeromonas hydrophila*, the *nrdA* gene for the large subunit of aerobic RNR has been fragmented into two smaller genes, *nrdA-a* and *nrdA-b*, by the transposition of the homing endonuclease *mobE* ([Figure 1](#F1){ref-type="fig"}A) ([@B8]). RNRs are functionally critical enzymes that catalyze the synthesis of deoxyribonucleotides used for DNA replication and repair ([@B9]) and are common targets of homing endonucleases ([@B10; @B11; @B12]). Class Ia RNRs require the presence of the NrdB component encoded by the *nrdB* gene and in bacteria and phage the active holoenzyme is generally a tetramer composed of a dimer of the large subunit NrdA protein (α~2~) and a dimer of the small subunit NrdB protein (β~2~; see [Figure 1](#F1){ref-type="fig"} for nomenclature). The *mobE* insertion splits the Aeh1 *nrdA* gene at a position that in the *Escherichia coli* NrdA structure lies between two adjacent β-strands in the RNR specific 10-stranded α/β-barrel that constitutes the active site ([Figure 1](#F1){ref-type="fig"}B). Three active site residues, Cys-219 and Cys-431 in NrdA-a and Cys-31 in NrdA-b, are located in separate polypeptides, while the homologous residues in *E. coli* NrdA (Cys-225, Cys-439 and Cys-462) are present in the same polypeptide ([@B13]). An essential part of the reaction mechanism involves a transient disulfide bond formed between Cys-225 and Cys-462 in *E. coli* NrdA ([@B9],[@B14]). The corresponding residues in Aeh1 are Cys-219 located in NrdA-a and Cys-31 located in NrdA-b. Moreover, in 1200 *nrdA* sequences from viruses as well as cellular organisms, none are split into multiple coding regions ([@B15]), suggesting strong evolutionary pressure to retain NrdA as a continuous polypeptide. Recent metagenomic data has, however, revealed the presence of *nrdA* genes fragmented by the insertion of inteins that presumably undergo *trans*-splicing to restore NrdA function ([@B7]). Remarkably, the Aeh1 holoenzyme is fully functional with specific activity equivalent to other characterized class Ia RNRs, but with an unusual (NrdA-a/NrdA-b)~2~NrdB~2~ or (α~a~/α~b~)~2~/β~2~, subunit composition ([Figure 1](#F1){ref-type="fig"}C) ([@B8]). Thus, a composite active site and functional holoenzyme is assembled from residues on each polypeptide. Figure 1.The *mobE* insertion fragments the active site of the class I RNR of phage Aeh1. (**A**) Schematic of the Aeh1 *nrdA-a*, *mobE* and *nrdA-b* genes, with the GC content over a 100 nucleotide-sliding window plotted above. The average GC content over the operon (42%) is indicated by a dashed line. Note that the *mobE* and *nrdA-b* genes overlap. Shown below is an amino acid alignment of the Aeh1 NrdA-a and NrdA-b and related NrdA proteins, with the *mobE* insertion indicated by a right facing arrow (not to scale). Active site residues of *E. coli* NrdA are indicated by solid triangles and conserved or identical amino acids are shaded gray or black with white lettering, respectively. The Aeh1 NrdA-a and NrdA-b tails are highlighted by rectangles. (**B**) *Left*, the *E. coli* NrdA monomer, colored to indicate the split between the Aeh1 NrdA-a (yellow) and NrdA-b (green) proteins. Active site residues are depicted as red spheres. *Right*, model of the NrdA-a and NrdA-b fragments based on the *E. coli* NrdA structure, with active site residues indicated by red spheres. The NrdA-b fragment is rotated relative to its position in the monomer to highlight the active site residues. (**C**) Subunit composition of the large subunit or holoenzyme of the class Ia RNR for the prototypical *E. coli* enzyme or the phage Aeh1 enzyme.

In this report, we examine the mechanism by which the fragmented RNR of phage Aeh1 assembles to form a functional holoenzyme. Strikingly, we find that unique C- and N-terminal tails of NrdA-a and NrdA-b that likely originated during the *mobE* insertion are absolutely essential for enzymatic activity. Our data are consistent with the tails functioning as protein interaction domains to promote assembly of the RNR large subunit tetramer, rendering the insertion of *mobE* phenotypically neutral with respect to RNR function.

MATERIALS AND METHODS
=====================

Construction and purification of tail mutant proteins
-----------------------------------------------------

The NrdA-aΔT mutant was constructed by the introduction of a stop codon at position 1324 of *nrdA-a* gene by site-directed mutagenesis of the wild-type *nrdA-a* gene in pACYCDuet-1. The NrdA-bΔT mutant was constructed by polymerase chain reaction (PCR) using primers to amplify an *nrdA-b* fragment lacking the first 54 nt and replacing an ACG codon (Thr18) with an AUG (Met) codon. The subsequent NrdA-bΔT construct was cloned from pCRBlunt into pACYC-Duet vector carrying the NrdA-aΔT mutant. Both mutant proteins were expressed from the same pACYC-Duet vector. Wild-type and mutant versions of the phage Aeh1 NrdA-a, NrdA-b and NrdB proteins were purified from *E. coli* BL21(DE3) cells overexpressing cloned versions of the genes as described ([@B8]).

Biophysical characterization
----------------------------

All ultracentrifugation studies were performed using a Beckman Optima XLA Analytical Ultracentrifuge in the Biomolecular Interaction and Conformation Facility in the Biochemistry Department at The University of Western Ontario. Equilibrium ultracentrifugation analyses were performed in triplicate using 0.27 mg/ml NrdA-a/NrdA-b heterodimer or 0.22 mg/ml NrdA-aΔT/NrdA-bΔT heterodimer. The reference channels were loaded with buffer consisting of 50 mM Tris--HCl pH 7.0, 1 mM dithiothreitol (DTT), 100 mM NaCl. Samples were centrifuged at 10, 15 and 20 k r.p.m. at 5°C for 16 h. One scan was performed after 16 h and another scan at 20 h. Data points were obtained by scanning in 0.002 cm step size increments, taking 10 replicate scans for each point. Data were analyzed using GraphPad Prism software, using the single ideal species model to solve for the molecular weight, *M*, of the sample according to the following equation where *C*~r~ is the solute concentration at radius *r*, *C*~F~ is the solute concentration at reference distance *F*, *ω* is the angular velocity, *R* is the gas constant and *T* is the temperature in Kelvin.

Velocity centrifugation studies were used to characterize the shape of the NrdA-a/NrdA-b and NrdA-aΔT/ NrdA-bΔT heterodimers using concentrations of 0.3 mg/ml and 0.68 mg/ml, respectively. Velocity runs for each sample were performed at 8°C at 40 k r.p.m., with one scan taken every 10 min for a total of 30 scans. The sedimentation co-efficient, *s*, was determined using the Lamm equation: where *c* is the solute concentration, *t* is time, *r* is radius, *D* is the solute diffusion constant and *ω* is the angular velocity.

RNR enzymatic assays
--------------------

Enzymatic activity measurements were performed as described previously ([@B8]). The NrdA-a/NrdA-b protein concentration was 0.11--0.22 µM and the NrdB concentration 1.9 µM. The mutant NrdA proteins were assayed at 2.4--4.7 µM together with 19 µM NrdB.

GEMMA analyses
--------------

The general procedure and instrumental setup was as described ([@B16]). In samples containing the NrdA proteins, a running buffer consisting of 40 mM ammonium acetate buffer, 0.005% Tween-20 and 1 mM DTT was used, while the NrdB protein in the absence of NrdA was analyzed in 20 mM ammonium acetate. The NrdA wild-type protein concentration was 0.01 mg/ml (0.11 µM), while the mutant proteins had a concentration of 0.04 mg/ml (0.47 µM). The NrdB protein was analyzed at a concentration of 0.005--0.02 mg/ml (0.12--0.46 µM). Capillary pressures of 1.4--2.0 p.s.i. were used and each data shown is the sum of 2--10 scans. Using GEMMA, the particle mass can usually be determined within ±5.6% ([@B17]).

Surface plasmon resonance studies
---------------------------------

The interaction of wild-type NrdA protein with NrdB was analyzed by surface plasmon resonance (SPR) as described ([@B18]). The interactions between the mutant NrdA and the NrdB protein were analyzed using the same protocol but with 0.1--3.5 µM NrdA in the absence of dATP and 0.25--6 µM NrdA in the presence of 1 mM dATP (GE Healthcare).

Mass spectrometry
-----------------

In-gel digestions with AspN1 and identification of peptide sequences were performed at the Functional Proteomics Facility and Biological Mass Spectrometry Facility at The University of Western Ontario. The NrdA-a and NrdA-b tail sequences were identified by Q-TOF MS/MS after separation of peptides by liquid chromatography.

RESULTS
=======

The tail sequences of NrdA-a and NrdA-b are essential for enzymatic activity
----------------------------------------------------------------------------

In considering a mechanism by which the holoenzyme would be assembled, we noted the presence of unique C- and N-terminal extensions, or tails, on NrdA-a and NrdA-b, respectively ([Figure 1](#F1){ref-type="fig"}B). The sequences encoding these unique tails are AT-rich compared to the surrounding Aeh1 genes ([Figure 1](#F1){ref-type="fig"}A) and likely originated from foreign DNA that was fused in-frame to the 3′- and 5′-ends of *nrdA-a* and *nrdA-b* during the *mobE* transposition event. Database searches with the tail sequences failed to detect any significant matches. We rationalized that the tail sequences would not have been retained in the Aeh1 genome unless they were essential for NrdA function. To gain insight into potential function(s) of the tails, we first determined if the tails are present in the mature forms of NrdA-a and NrdA-b. We used dATP-sepharose chromatography to purify NrdA-a, NrdA-b and NrdB from Aeh1-infected *A. hydrophila* extracts ([@B8]). Previous mass spectrometry analyses of peptides after in-gel digestion with trypsin positively identified the proteins as NrdA-a, NrdA-b and NrdB ([@B8]), but failed to identify peptides from the tail regions. We thus repeated the in-gel digestion with the AspN1 protease and identified peptides from the C-terminal tail of NrdA-a (DQYKSLRY) and the N-terminal tail of NrdA-b (MIEHERIYEVYE), indicating that the tails are not post-translationally processed ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq924/DC1)). We next deleted the tails from cloned versions of the *nrdA-a* and *nrdA-b* genes to create the tail mutant (ΔT) proteins NrdA-aΔT and NrdA-bΔT ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq924/DC1)). We expressed combinations of wild-type and ΔT versions of NrdA-a and NrdA-b and found that the NrdA-a/NrdA-b and NrdA-aΔT/NrdA-bΔT combinations were soluble. Other combinations of wild-type and mutant NrdAs were not studied further. The purified NrdA-a/NrdA-b and NrdA-aΔT/NrdA-bΔT proteins were independently mixed with Aeh1 NrdB and assayed for enzymatic activity by measuring the reduction of CDP to dCDP. Crucially, the specific activity of the NrdA-aΔT/NrdA-bΔT proteins was ∼2000-fold reduced relative to the NrdA-a/NrdA-b proteins, almost abolishing enzymatic activity ([Table 1](#T1){ref-type="table"}). We conclude that the unique tails, present in the mature forms of NrdA-a and NrdA-b, are essential for enzymatic activity. Table 1.Biochemical properties of wild-type and mutant versions of NrdA-a and NrdA-bNrdA-a/NrdA-b heterodimer[^a^](#TF1){ref-type="table-fn"}Molecular weight (kDa)Sedimentation coefficient (S)[^d^](#TF4){ref-type="table-fn"}Specific activity (U/mg)[^e^](#TF5){ref-type="table-fn"}PredictedAUC[^b^](#TF2){ref-type="table-fn"}GEMMA[^c^](#TF3){ref-type="table-fn"}α~a~/α~b~90.893.9 ± 0.791 ± 5.16.1946 ± 12α~aΔT~/α~bΔT~84.691.7 ± 2.577 ± 5.74.50.4 ± 0.06[^1][^2][^3][^4][^5]

The tails are not required for NrdA-a/NrdA-b heterodimer formation
------------------------------------------------------------------

We hypothesized that one mechanism by which the tails are required for RNR activity would be to promote or stabilize interactions between NrdA-a and NrdA-b. To test this hypothesis, we examined the oligomeric status of the split wild-type and mutant ΔT NrdA proteins by gas-phase electrophoretic mobility macromolecular analysis (GEMMA) ([@B17]), a technique that measures the diameter of protein complexes in the gas phase at low protein concentrations. In the absence of exogenously added nucleotides, the sizes of the major species observed are consistent with heterodimers of the wild type (α~a~/α~b~) and tail mutant proteins (α~aΔT~/α~bΔT~), respectively ([Figure 2](#F2){ref-type="fig"}A and B; [Table 1](#T1){ref-type="table"}). Furthermore, we analyzed the wild-type and ΔT NrdA proteins by analytical ultracentrifugation at higher protein concentrations (∼0.2--0.6 mg/ml) in the absence of nucleotides and found that the sizes were consistent with the proteins existing as heterodimeric α~a~/α~b~ and α~aΔT~/α~bΔT~ species ([Table 1](#T1){ref-type="table"} and [Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq924/DC1)). Velocity ultracentrifugation, which in contrast to equilibrium ultracentrifugation can detect changes in the shape of proteins, showed that the heterodimeric wild-type and ΔT complexes possessed different sedimentation coefficients (6.1S versus 4.5S) that are too large to be accounted for by differences in the predicted molecular weights of the heterodimers ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq924/DC1)). These results indicated that deletion of the tails affects the shape of the α~aΔT~/α~bΔT~ complex relative to the α~a~/α~b~ complex. Potential differences in shape were also evident upon gel-filtration chromatography, as the elution profiles of the α~a~/α~b~ and α~aΔT~/α~bΔT~ heterodimers were shifted relative to each other ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq924/DC1)). Collectively, these data indicate that the tails are not required for interaction of α~a~ with α~b~ to form a heterodimer and that deletion of the tails affects the shape of the heterodimer. Figure 2.The mutant α~aΔT~/α~bΔT~ heterodimer is defective in dATP-mediated dimerization. Shown are representative GEMMA analyses of the α~a~/α~b~ or α~aΔT~/α~bΔT~ heterodimers with no added nucleotide (traces A and B), or with 50 mM dATP (traces C and D). The concentration of the α~a~/α~b~ heterodimer was 0.01 mg/ml (0.11 µM) and the concentration of the α~aΔT~/α~bΔT~ heterodimer was 0.04 mg/ml (0.47 µM). For each condition, the composition and predicted sizes (in kDa) of the species are indicated. The baseline has been shifted by 1000 intensity counts for each trace.

The tail mutants exhibit a dimerization defect
----------------------------------------------

Class Ia RNRs are allosterically regulated by nucleoside triphosphates binding at two different types of sites on NrdA. Binding of ATP, dATP, dTTP or dGTP to one type of site regulates the substrate specificity of the enzyme and binding of ATP or dATP to another site regulates the overall activity, with ATP usually activating and dATP inhibiting enzyme activity ([@B9],[@B16]). In general, the allosteric effector nucleotides promote formation of dimers or higher oligomers of NrdA and also strengthen the interaction between NrdA and NrdB. We therefore investigated whether addition of allosteric nucleoside triphosphates regulated the oligomeric status of the split Aeh1 wild-type and ΔT NrdA proteins. We used GEMMA to assay various nucleotide effector conditions and found that dimerization of the α~a~/α~b~ heterodimer was promoted by 50 µM dATP, as a species with a predicted molecular mass of 173 kDa was observed (compare [Figure 2](#F2){ref-type="fig"}A and C), consistent with a (α~a~/α~b~)~2~ dimer of heterodimers. The only nucleotide that could promote dimer formation was dATP, as addition of other effector nucleotides and/or substrate had no effect on dimerization at the tested concentrations ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq924/DC1)). Strikingly, we did not observe formation of an (α~aΔT~/α~bΔT~)~2~ dimer of heterodimers with the tail mutant proteins in the presence of 50 µM dATP (compare [Figure 2](#F2){ref-type="fig"}B and D). Other nucleotides also had no effect on dimerization of the α~aΔT~/α~bΔT~ heterodimer at the concentrations tested ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq924/DC1)).

Assembly of the holoenzyme is compromised with the tail mutants
---------------------------------------------------------------

We next examined the interactions of the wild-type and mutant split NrdA proteins with the NrdB protein ([Figure 3](#F3){ref-type="fig"}). Studies with other class Ia RNRs have shown that NrdB, which together with NrdA forms the functional holoenzyme, is essential for enzyme activity ([@B9]). GEMMA analysis of Aeh1 NrdB alone revealed a peak consistent with β-dimers (73 kDa) and a much lower abundance species that is consistent with a β-tetramer (156 kDa) ([Figure 3](#F3){ref-type="fig"}A). When we analyzed interactions between the Aeh1 wild-type NrdA-a/NrdA-b heterodimer and NrdB by GEMMA, two major species were observed, one consistent with an α~a~/α~b~ heterodimer (91 kDa) and the other consistent with a (α~a~/α~b~)~2~β~2~ holoenzyme (240 kDa) ([Figure 3](#F3){ref-type="fig"}B). Two peaks with higher predicted molecular weights (331 and 510 kDa) but of lower abundance could represent higher-order oligomers of the split NrdA proteins and NrdB ([Figure 3](#F3){ref-type="fig"}B), as has been observed with the *E. coli* RNR that forms an α~4~β~4~ oligomer in the presence of dATP ([@B16]). Addition of dATP to the Aeh1 RNR resulted in an increased amount of (α~a~/α~b~)~2~β~2~ holoenzyme formed ([Figure 3](#F3){ref-type="fig"}D), likely due to the formation of a dATP-stimulated (α~a~/α~b~)~2~ complex that is subsequently available to interact with NrdB. In contrast, addition of other nucleotides or substrate did not stimulate further formation of the holoenzyme ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq924/DC1)). Figure 3.The mutant α~aΔT~/α~bΔT~ heterodimer cannot form a holoenzyme in the presence of NrdB. Shown are GEMMA analyses of the NrdB alone (trace A), the α~a~/α~b~ or α~aΔT~/α~bΔT~ heterodimers with NrdB (traces B and C) and the α~a~/α~b~ or α~aΔT~/α~bΔT~ heterodimers with NrdB and dATP (traces D and E). The concentrations of the large subunit proteins were as in [Figure 2](#F2){ref-type="fig"} and the concentration of the NrdB protein was 0.005--0.02 mg/ml (0.12--0.46 µM). For each condition analyzed, the composition and predicted sizes (in kDa) of the species are indicated. For trace B, the species labeled with an asterisk has a size of 331 kDa, with a predicted (α~a~/α~b~)~2~β~4~ composition. For traces B and D, the species labeled hash has a size of 510 kDa and a predicted (α~a~/α~b~)~4~β~4~ composition. The baseline has been shifted by 1000 intensity counts for each trace.

Intriguingly, the mutant ΔT NrdA proteins had a strongly reduced ability to interact with NrdB and form the active holoenzyme. When the interaction between the NrdA-aΔT, NrdA-bΔT and NrdB proteins was analyzed by GEMMA, a predominant species was observed consistent with a mixture of α~aΔT~/α~bΔT~ and β~2~ complexes ([Figure 3](#F3){ref-type="fig"}C). A higher molecular weight complex of 156 kDa was also observed, but in a reduced abundance relative to the 81 kDa complex and likely represents a β-tetramer. Significantly, no species characteristic of an assembled holoenzyme complex with a (α~aΔT~/α~bΔT~)~2~β~2~ composition was observed at the tested protein concentrations. Addition of 50 µM dATP or other nucleotides had no effect on promoting a (α~aΔT~/α~bΔT~)~2~β~2~ complex ([Figure 3](#F3){ref-type="fig"}E and [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq924/DC1)).

To test if higher concentrations of dATP would promote complex formation, we turned to surface plasmon resonance experiments that are more tolerant of higher nucleotide concentrations than GEMMA. In these experiments, Aeh1 NrdB was immobilized to the biosensor chip ([@B18]). With the split wild-type NrdA proteins, the *K*~D~ for interaction with NrdB was estimated to be 0.18 µM in absence of added nucleotide effectors ([Table 2](#T2){ref-type="table"}; [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkq924/DC1)). Notably, addition of increasing amounts of dATP greatly stimulated the interaction, with the addition of 1 mM dATP resulting in a K~D~ value of 0.007 µM. In contrast, the affinity constant for the interaction between the mutant ΔT NrdA proteins and NrdB was 1.2 µM and did not change significantly in the presence of 1 mM dATP ([Table 2](#T2){ref-type="table"}). Thus, two independent experimental approaches show that holoenzyme assembly is compromised with the Δ*T* mutant proteins, providing an explanation for the 2000-fold lower enzymatic activity relative to the wild-type NrdA proteins. Table 2.Effect of dATP on interaction of wild-type and ΔT versions of NrdA-a and NrdA-b with NrdB as measured by surface plasmon resonance (See also [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkq924/DC1))dATP (mM)*K*~D~ (µM)NrdA-a/NrdA-bNrdA-aΔT/NrdA-bΔT00.18 ± 0.041.2 ± 0.310.007 ± 0.00031.4 ± 0.03

DISCUSSION
==========

Molecular lego: assembly of a fragmented active site by protein interaction domains
-----------------------------------------------------------------------------------

Collectively, our data indicate that the unique tail sequences fused to the C- and N-termini of NrdA-a and NrdA-b are essential for enzymatic activity. We show that the tails are not required for interaction of the NrdA-a and NrdA-b fragments, as the ΔT mutants do not affect assembly of the α~a~/α~b~ heterodimer. Rather, our data are consistent with a model whereby the tails function as interaction domains to promote assembly of the large subunit (α~a~/α~b~)~2~ dimer of heterodimers ([Figures 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). Modeling of the split Aeh1 NrdA-a and NrdA-b proteins using the *E. coli* NrdA structure reveals that the tail sequences could lie in proximity to two α-helices verified by mutational studies of the *E. coli* protein as the major dimerization determinants between NrdA monomers ([Figure 4](#F4){ref-type="fig"}) ([@B13],[@B14],[@B19]). The requirement for the tail sequences to assemble an (α~a~/α~b~)~2~ dimer of heterodimers clearly implies that the Aeh1 NrdA dimer interface was compromised by the *mobE* insertion. Although the molecular details of how the tails function remains to be elucidated, we note that the C-terminal tail of NrdA-a is positively charged (pI = 10.4), while the N-terminal tail of NrdA-b is negatively charged (pI = 3.8), suggesting that assembly of the (α~a~/α~b~)~2~ large subunit could be driven by direct charge--charge interactions between the tails, by interactions between the tails and opposing NrdA subunits or by a combination of both types of interactions. The proximity of the tails to active site residues on NrdA-a and NrdA-b is compelling and we cannot discount the possibility that the tails also function to promote assembly of the composite active site. Figure 4.The dimer interface between two *E. coli* NrdA monomers, colored to indicate the Aeh1 α~a~ (yellow) and α~b~ (green) polypeptides (modified from PDB file 4R1R). Atoms corresponding to Cys431 and Glu433 in NrdA-a and Cys31 in NrdA-b are shown as red spheres and the position of the *mobE* insertion is indicated in the model. Also shown are the substrate GDP (blue) and the allosteric effector dTTP (pink). Figure 5.Summary of the genetic organization, expression and assembly of the fragmented class Ia RNR from phage Aeh1. The map of the Aeh1 RNR operon (gDNA) shows an early phage promoter (right facing arrow) that drives expression of the operon ([@B32]). The NrdA-a, NrdA-b and NrdB polypeptides are independently translated from this message (mRNA) ([@B8]), while expression of MobE is inhibited by an RNA secondary structure ([@B33]). Our current data indicate that the NrdA-a and NrdA-b polypeptides self assemble to form the α~a~/α~b~ heterodimer (active site residues depicted as spheres), while dimerization to form the (α~a~/α~b~)~2~ large subunit is stimulated by dATP. The ΔT mutants are defective in dimerization of the α~a~/α~b~ heterodimer. Holoenzyme formation is stimulated by dATP and includes the small subunit dimer, β~2~. The structures of the individual polypeptides were modified from the *E. coli* NrdA (PBD file 4R1R) and NrdB (PDB file 1AV8) structures. In the holoenzyme model \[based on Ref. ([@B34])\], the (α~a~/α~b~)~2~ large subunit is rotated 90° vertically relative to the free large subunit and the β~2~ subunit is rotated 90° horizontally relative to the free dimer.

Regardless of the mechanism by which the tails function, it is clear that they render the insertion of *mobE* phenotypically neutral with respect to NrdA function. Assembly of the fragmented RNR active site described here is distinct from other examples of composite active sites assembled from residues on separate polypeptides ([@B20],[@B21]), because the *mobE* insertion has, in essence, provided the molecular antidote to fragmentation in the form of the tails that reassemble the split large subunit. Precedent for short peptides functioning as protein interaction domains stems from observations showing that protein fragments can be assembled by short unrelated peptides present as N- and C-terminal extensions ([@B22],[@B23]).

What is the evolutionary origin of the *mobE* insertion and tail sequences? The observation that *mobE* is located in the intergenic region separating the *nrdA* and *nrdB* genes of a number of T-even like phages, except for Aeh1, strongly suggests that a transposition-like event created the split *nrdA-a*/*nrdA-b* genes of phage Aeh1 ([@B8],[@B24]). Moreover, a number of fragmented genes are associated with homing endonucleases ([@B5],[@B7],[@B25],[@B26]), lending support to the notion that genome rearrangements caused by homing endonucleases may occur more frequently than previously appreciated. Such transposition events could also explain the origin of the tail sequences, which would have been inherited with the endonuclease gene during the initial recombination event. We previously argued that natural selection would select for phage variants in which a mechanism arose to restore a functional RNR, as those phage would exhibit a significant replicative advantage ([@B8]). Acquisition of the foreign DNA associated with the *mobE* insertion, followed by fusion to the surrounding *nrdA-a* and *nrdA-b* gene fragments and selection for oppositely charged peptide sequences that promoted assembly of the polypeptides is one possible evolutionary scenario that could explain the origin and persistence of the tail sequences. Strikingly, similar observations regarding the charge distribution of peptides that promoted the interaction of split proteins were found from experiments that fused short random DNA fragments to fragmented genes to restore function ([@B27; @B28; @B29]), suggesting that acquisition of novel function by randomly acquired DNA is not an evolutionary bottleneck. Alternatively, we note that RNR genes in bacterial and phage genomes are often interrupted by self-splicing introns and inteins ([@B10],[@B11],[@B30]). Some of these elements also encode HNH family homing endonucleases similar to *mobE*, suggesting that the tail sequences and *mobE* could be remnants of a degenerate self-splicing intein analogous to the split inteins associated with fragmented genes recently identified from metagenomic data ([@B7]). Intriguingly, the protein--protein interactions necessary for splicing of split inteins were proposed to occur through electrostatic interactions between the N- and C-intein fragments ([@B7],[@B31]), paralleling our hypothesis for the function of the NrdA-a and NrdA-b tails.

Tail-like sequences similar to those present on NrdA-a and NrdA-b may be associated with other fragmented genes, but their significance overlooked. Only detailed biochemical analyses such as those described here could distinguish the tails as functionally critical from variable length N- and C-termini with no presumed function. We would also anticipate that tail-like sequences are optimized to reassemble different protein fragments and would thus vary in sequence, making the tails difficult to detect by similarity-based searches. One notable example is the *mobA* insertion that splits the well-characterized type II topoisomerase of phage T4 into two smaller genes ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkq924/DC1)). Intriguingly, the two split gene products, gp39 and gp60, possess tail-like extensions. While the gp39 and gp60 tails show little sequence similarity to the NrdA-a and NrdA-b tails, they exhibit a similar charge distribution and it is tempting to speculate that the gp39 and gp60 tails function analogously to assemble the T4 topoisomerase. The occurrence of similar tail-like sequences in different biological systems may represent a convergent evolutionary solution to promote the assembly of protein fragments within the context of a cellular environment.

In summary, our results highlight the involvement of mobile elements in promoting recombination events that influence gene structure and function and also describe a novel molecular solution for assembly of a fragmented coding region that does not involve RNA or protein splicing, or programmed DNA rearrangements. Although the tail sequences we describe here are associated with a particular class of mobile element, tail-like sequences could potentially reassemble coding regions fragmented by a variety of mobile elements, or by recombination events not involving mobile elements.
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[^1]: ^a^α refers to the large subunit, while subscript a or b refers to the split NrdA component (i.e. α~a~ refers to NrdA-a and α~b~ refers to NrdA-b). The subscript ΔT refers to the tail mutant of that protein. See [Figure 1](#F1){ref-type="fig"} for nomenclature.

[^2]: ^b^Analytical ultracentrifugation analyses with NrdA-a/NrdA-b and NrdA-aΔT/NrdA-bΔTproteins at ∼0.2 mg/ml and no added nucleotide (see also [Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq924/DC1)).

[^3]: ^c^GEMMA analyses with 0.01--0.04 mg/ml protein and no added nucleotide; mean of 2--3 experiments.

[^4]: ^d^S~20,w~ values were calculated from velocity centrifugation analyses using 0.25 mg/ml NrdA-a/NrdA-b and 0.68 mg/ml NrdA-aΔT/NrdA-bΔTproteins and corrected for water at 20°C (See also [Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq924/DC1)).

[^5]: ^e^Assayed in the presence of NrdB with DTT as the reductant. One unit corresponds to 1 nmol of dCDP formed per min and specific activity is units/mg of protein.
